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Introduction
The chemometric approach currently seems inevitable in the evaluation of the vast databases of analytical results obtained by the use of different measurement techniques. Such a situation occurs almost every time that the objects of study are samples of natural origin. Hence, when more than one analytical technique is applied for the determination of compounds or/and elements, resulting in a large number of data, the use of chemometrics is necessary. There are numerous studies in which supervised or unsupervised methods are used for chemometric evaluation of the experimental data obtained for medicinal plants or herbal drugs obtained from them [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Among these, there are methods aimed not only at the grouping and classifying objects, but also at modeling relationships between different analytical data, with the two most popular pattern recognition methods being cluster analysis (CA) and principal component analysis (PCA) [12] .
PCA and CA were, for example, used for quality assessment of traditional Chinese medicines [13, 14] . Principal component analysis was applied especially for the translating of chromatographic data into lower dimensional space, and PCA score plots were used to objectively classify samples of Cortex cinnamoni, whereas cluster analysis allowed for the classification of the plant samples based on the similarities of their chemical properties [13] . A pattern recognition scheme was proposed for the chromatographic fingerprints of a
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Principal component analysis in interpretation of the results of HPLC-ELC, HPLC-DAD and essential elemental contents obtained for medicinal plant extracts Principal component analysis in interpretation of the results of HPLC-ELC, HPLC-DAD and essential elemental contents obtained for medicinal plant extracts traditional Chinese medicinal plant Chaichu (Bupleuri spp.) in order to distinguish different herbal species and also to assess their quality [14] . Application of pattern recognition methods (CA and PCA) was also carried out to interpret the results of determining water-extractable species of N, P and Fe in selected medicinal plant samples originating from Poland [9] . PCA calculations revealed that concentrations of total nitrogen, phosphorus and iron were the most important factors for causing differentiation in the samples analyzed, and the use of CA allowed for the grouping of the samples based on similar content of these essential elements.
The objective of this paper is to assess the utility of PCA in comparison with other statistical methods (CA and factorial k-means analysis -fkm) for interpretation of the results of three analytical approaches (HPLC-DAD, HPLC-ELC and contents of selected essential elements) in the analysis of the medicinal plant raw materials. Chromatographic techniques hyphenated with spectroscopic or electrochemical detection systems are especially useful in the analysis of medicinal plant raw materials [15] , because they allow for distinguishing slight differences in analytical signals appearing from secondary metabolites. The results obtained by application of PCA would potentially be helpful for chemotaxonomic comparison of the medicinal plants which form the subject of this paper, especially since the chemical composition characteristic for each species [16] should be reflected in different patterns in the databases.
Experimental procedure

Materials
The redistilled water obtained from the quarz-glass system (Heraeus, Switzerland) was used throughout.
Plant material
The seven medicinal plant materials containing 10 samples of each species (Table 1) All samples originated from the Polish Herbal Enterprise -"Kawon Gostyn", and were cultivated and collected according to Good Manufacturing Practices (GMP). Before analysis, the samples were ground using the Knifetec (Foss-Tecator, Denmark) sample mill and stored in plastic containers.
Methods
Microwave digestion
For determination of P, Fe and Cu, a known weight of approximately 1.0 g of the plant material was subjected to microwave digestion using 30% H 2 O 2 and concentrated 65% HNO 3 in a 3:5, v/v ratio using Uniclever BM-1z microwave unit applying temperatures from 250 to 350ºC and pressures of 31 to 45 atm. The samples were then transferred to 50 mL volumetric flasks and diluted with redistilled water.
Wet digestion
In order to prepare the plant material for total N determination, the accurately weighed plant samples (circa 0.3 g) were transferred to a Kjeldahl flask, after which were added 5 mL of 30% H 2 O 2 solution and 10 mL of concentrated H 2 SO 4 solution, and the samples were digested until the solution became clear. They were then transferred to volumetric flasks and made up to a volume of 50 mL with redistilled water.
Extraction
Redistilled boiling water was used for the extraction. To the accurately weighed plant samples (circa 2.0 g) 50 mL of hot water was added, then stirred with an electromagnetic stirrer for 30 min and filtered through a paper filter with medium-sized pores (MN 640d, Macherey-Nagel). The filtrates were collected in volumetric flasks and diluted to 50 mL with redistilled water.
Determination of elements -N, P, Fe and Cu
All determinations were conducted using standardized analytical methods. Total nitrogen and total phosphorus were determined spectrophotometrically using a UV/Vis spectrophotometer SP 870 with Nessler reaction and monitored at λ of 420 nm for N, nitration for N-NO 3 while the molybdenum blue method at λ = 650 nm was used for calculating total and inorganic P. Iron (at λ = 248.3 nm) and copper (at λ = 324.8 nm) were determined using flame-AAS with a 250 Plus Atomic Absorption, after microwave digestion for estimation of total concentration or directly using the aqueous extracts themselves for extractable concentration.
HPLC-DAD
After filtration through a medium-sized paper filter (MN 640d, Macherey-Nagel) and 1:1 dilution with 0.1 mol L -1 phosphate buffer (Merck, pure for analysis, pH = 7.0), the plant extract samples were subjected (50 μL) to a size-exclusion chromatography using Shodex OHpak SB-802HQ, 300×8 mm column and monitored with diode-array detection (D-6500 Merck-Hitachi) at 200-600 nm. The UV/Vis spectra were recorded in triplicates for each sample analyzed.
HPLC-ELC
After filtration of the plant extracts Shodex OHpak SB-802HQ, 300×8 mm column was used for amperometric detection of each sample. Again, measurements were made in triplicates using the boron-doped diamond electrode (BDDE) as working electrode, AgCl/Cl as reference electrode, and a Metrohm 641 VA stand.
Statistical analysis
Statistical calculations -CA, PCA and fkm were done using Statistica 7.1 (Statsoft, Poland) software. These three pattern recognition methods were applied because CA and fkm analysis are advantageous in grouping objects of similar kind into respective categories. The main advantage of PCA is the ability to reduce the number of variables in a multivariable database, as well as facilitating the detection of those factors responsible for the diversification of the samples under study.
In order to perform statistical calculations, four databases were created taking into consideration different numbers of parameters as columns, obtained for 70 samples representing 7 plant species, and they were standardized before performing statistical analysis:
1) results of HPLC-DAD (70×9), 2) results of HPLC-ELC (70×12), 3) results of element contents (70×8), 4) all parameters compiled (70×29).
The first database comprised values of peak heights (in mm) registered for retention times of 23 min, 47 min and 65 min, at 214 nm, 280 nm and 325 nm for all 70 plant samples. These retention times were chosen because the peaks obtained are characteristic of typical structures of flavonoids and the corresponding wavelengths, as reported previously [15] . The second database contained electrochemical results, given as peak heights in mm, that were registered for the extracts by applying the following current potentials, which can be related to easily-oxidized hydroxyl-groups: +0.5 V, +0.6 V, +0.7 V, +0.8 V, recorded at the same retention times as those quoted above for all 70 plant samples. The third database was created based on the results of determination of N, P, Fe and Cu (total and extractable species) in 70 plants. The fourth database was a compilation of all results obtained for 70 plant samples.
Principal Component Analysis
PCA calculation was performed for all four databases, which were standardized before the calculation, and two new matrices: score and loading matrices were obtained for each database analyzed. The graphical interpretation 
Cluster analysis
For comparison purposes in CA, three different algorithms used for aggregation of the plant samples (which were treated as objects) were applied: single-linkage, complete-linkage and the Ward's method, whereas the Euclidean distance was used as the distance measure. Before performing the CA calculation, the databases were standardized.
Factorial k-means analysis
The same standardized database including all results (70×29) was used for calculations by fkm analysis and results were obtained for c = 4 and m = 2, where c is the number of classes of partition and m the number of factors describing this partition. The solution was found after two iterations and the observations were chosen in order to maximize the distances between clusters.
Results and discussion
PCA results
The results of PCA calculation are presented in Table 2 . Only the first three principal components (PCs) were taken for further consideration. Comparing the parameters obtained for the four databases in question, it may be observed that the first two PCs together explain the highest variance (approx. 78%) in the case of the two databases: HPLC-DAD and HPLC-ELC. When including the first three PCs, the highest cumulated variance was calculated for the first database, built by the results obtained after using HPLC-DAD detection. The lowest cumulated variance for the first two PCs was found for the matrix based on determination of elements and their water-extractable forms, and taking into consideration the first three PCs for the database which included all results.
In an attempt to include the maximum amount of information into the interpretation of the data analyzed, it was decided to show in the three-dimensional plot the distribution of the plant samples based on all results (Fig. 1) . Moreover, a 3-D plot allows the Betula sample to be separated from the others, as it attains the highest PC3 value. The distribution of the samples shown in Fig. 1 also indicates at least two groups. In the left corner of the plot there are two samples of Sambucus and Crataegus, and at a relatively short distance from them, the Betula sample can be found in a central part of the plot. In the upper right area of are samples of Polygonum, Equisetum and Viola. It was decided to show only the plots obtained for all data, since the distribution of the samples obtained in the other three databases was similar, occasionally differing only in the location of the Betula or Helichrysum samples, but Sambucus and Crataegus were always grouped together, as were Polygonum, Equisetum and Viola. The explanation for such a distribution lies in their chemical composition, as reflected in the different patterns shown in their HPLC analysis results. For example Infl. Crataegi and Flos Sambuci are both rich in the same group of flavonoid compounds, such as rutoside, quercetin and kaempferol, as well as amines, essential oils and phenolic acids (Table 1) . However, Folium Betulae or Infl. Helichrysi can be characterized by high concentrations of other secondary metabolites typical only for these plant materials, like glycosides of hyperoside, myricetin and saponins in the case of Folium Betulae. In Infl. Helichrysi, isosalipurposide, glucosides of naringenin and apigenin, as well as derivatives of α-pyrone are normally present, which may explain its separation from the remaining plant samples. Table 3 shows the loadings of the first three PCs, which have the highest impact on the differentiation of the samples. It is possible to see that almost all electrochemical data are highly negatively correlated with the PC1, and also several UV spectra, but only total Fe concentration is weakly positively correlated with PC1. This means that redox reactions of chemical compounds which occur at the applied potentials are of great importance for differentiation of the seven medicinal plant samples, along with their iron level, which, by contrast, is known for its electrochemical activity. In the case of PC2, this parameter is weakly positively loaded by the total concentrations of P and N, and negatively by the UV spectra registered at 280 and 325 nm at 23 min of chromatographic resolution, as well as by an electrochemical signal at +0.5 V with the same retention time of 23 min. In the case of PC3, this principal component is loaded by extractable Cu and by UV spectra at 280 nm in 47 min. The loadings of the first three PCs in this way confirm the importance of phenolic functional groups of flavonoid compounds present in the analyzed samples, which are responsible for interactions with metals, especially at potentials equal to +0.5 V or at higher values.
Application of CA
The dendrogram obtained by the use of CA shown in Fig. 2 , confirms the similarity of the samples as described earlier by PCA. It was decided to show only one version of cluster analysis including single linkage and the Euclidean distance as this displays the greatest compliance with the PCA results. The other plots (not shown) were similar to those obtained in this case. When the distance interval from 73 to 95 is taken into consideration, four clusters can be identified. The first of which is a group of Crataegus and Sambucus, the second of Equisetum, Polygonum and Viola, and the samples of Betula and Helichrysum correspond to cluster 3 and 4, respectively.
Factorial k-means analysis
Application of fkm analysis for two-way data [17, 18] allowed presentation of the results in Fig. 3 . It is possible to notice that the samples of Crataegus and Sambucus create cluster number 1, next are the samples of Equisetum, Polygonum and Viola, which constitute cluster number 2. Somewhat more difficult is the interpretation of the results of fkm analysis in relation to the two remaining samples of Betula and Helichrysum. However, when they are treated as two separated cases, Betula as cluster 3, and Helichrysum as cluster 4, it is possible to state that the results of fkm confirm those obtained using CA. 
Comparison of the statistical methods (PCA, CA and fkm)
When trying to choose the best statistical tool for evaluation of the results obtained from the use of three analytical approaches (HPLC-DAD, HPLC-ELC and contents of selected essential elements) in the analysis of the medicinal plant raw materials, one must take into consideration whether the methods should be classified as unsupervised or supervised [12] . PCA and CA are examples of unsupervised methods, in which hierarchical clustering is applied, and the results obtained by using both of them, can be treated as complementary. On the other hand, fkm method belongs to non-hierarchical clustering methods. As described above and illustrated in the figures, it seems that PCA and perhaps also CA to some extent, should be chosen as the statistical methods that are the most appropriate for critical evaluation of the experimental data. This can be justified by the fact that PCA is based on the maximum variance criterion, moreover it allows for reduction of multidimensionality of the database studied. PCA was successfully applied in previous studies for medicinal plant sample chemical compositions [4] [5] [6] 9, 19] , and the interpretation of the experimental data obtained in this study confirms the particular usefulness of this method for evaluation of the differences and similarities between the samples of natural origin.
Conclusions
It can be concluded that, for interpretation of the results obtained for the plant samples in question, the PCA and CA are superior to fkm. This can be supported by the fact that PCA allowed for simultaneous reduction of multidimensionality of the databases studied, together with CA it also grouped the samples into 4 clusters. Moreover, PCA made possible selection of the factors responsible for differentiation of the plant material investigated. 
